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INTRODUCTION 


In  aprotic  solvents  the  electrochemical  reduction  of 

tetracyanoquinodimethane  (TCNQ)  and  tetracyanoethylene  (TCNE)  takes 

place  in  two  distinct  one-electron  stepsj^ 

R  <■  e~  t  R~  (1) 

RT  +  e"  *  R2"  ( 2 ) 

V 

A  radical  anion  is  formed  in  the  first  step,  and  at  much  more  negative 
p  tentials  a  further  electron^transfer  takes  place  to  form  a  dianion. 
The  first  reduction  step  of  TCNE  and  both  reduction  steps  of  TCNQ  are 
very  fast  [1-5].  The  radical  anions  and  dianions  are  stable  in  aprotic 
and  oxygen-free  solutions  (^1,6,^},  except  that  the  dianions  and  neutral 
molecules  can  reproportionate  to  form  two  radical  anions* 

R2-  +  R  *  2R‘  (3) 

\n  this  note  we  report  a  study  by  cyclic  voltammetry  of  the 
reductions  of  TCNQ  and  TCNE  to  their  radical  anions  and  dianions  at 
platinum  and  glassy  carbon  electrodes  in  acetonitrile.  ^fe  emphasize 
the  effect  of  different  supporting  electrolyte  cations  on  the 
voltammetry  because  (a)  there  exists  the  possibility  of  ion-pairing 
between  the  dianions  and  small  cations  [8-15] .  and  (b)  it  appears  that 
the  rates  of  some  electron  transfer  reactions  depend  on  supporting 
electrolyte  [6,10,16-26].  For  example,  at  a  platinum  electrode  in 
acetonitrile,  the  voltammetric  wave  at  100  mV  s~*  for  reduction  of 
TCNET  to  TCNE2-  is  reversible  with  L1C104  as  the  supporting  electrolyte 
[16,17],  but  quas ireversible  with  tetra-n-butylammonium  perchlorate 
( TBAP )  [6]  or  tetra-n-butylammonium  fluoroborate  (TBAF)  [16]  as 
supporting  electrolyte. 
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EXPERIMENTAL 

Cells  and  Instrumentation 

A  standard  three-electrode  cell  Mas  used.  The  reference  electrode 

was  a  silver  wire  in  contact  with  an  acetonitrile  solution  of  AgNC>3 

(0.01  M)  and  0.1  M  of  the  same  supporting  electrolyte  as  In  the  cell. 

The  secondary  electrode  material  was  platinum.  Working  electrodes  were 

fabricated  from  platinum  and  carbon;  the  platinum  electrode  was  a  wire 

sealed  into  glass  and  the  carbon  electrode  was  a  glassy  carbon  disc 

made  by  sealing  a  piece  of  glassy  carbon  rod  (3  mm  diameter.  Tokai) 

into  glass  tubing  with  epoxy  and  polishing  the  end  to  a  mirror  finish 

with  alumina  on  a  polishing  cloth.  The  areas  of  the  two  electrodes 

were  found  from  current-time  transients  taken  during  the 

diffusion-controlled  reduction  of  anthracene  in  acetonitrile.  From  the 

Cottrell  equation,  taking  the  diffusion  coefficient  of  anthracene  in 

acetonitrile  to  be  2.55  x  10-5  cm2s_1  [27J,  the  area  of  the  platinum 

wire  was  found  to  be  0 . 227( ±0 . 016 )  cm2  and  that  of  the  glassy  carbon 

disc  was  found  to  be  0.094 (±0.005)  cm2. 

The  potential  of  the  working  electrode  with  respect  to  the 

reference  electrode  was  controlled  with  a  HiTek  DT2101  potentiostat  and 

a  HiTek  PPR1  waveform  generator.  Cyclic  voitammograms  were  recorded  on 

a  Linsels  LX1000  chart  recorder.  Positive  feedback  was  used  to  reduce 

the  iR  drop  between  the  tip  of  the  Luggin  capillary  and  the  working  — - —  ■  ■ — 

n  For 

electrode;  in  no  experiment  was  the  scan  rate  greater  than  600  mV  s-1,  W 

□ 

and  under  these  circumstances  it  was  estimated  that  the  iR  loss  was  no  O 

't  ion 

more  than  the  error  in  reading  potentials  from  the  recorded  “ — - 

voitammograms  (±5  mV).  _^A£i£ibutlon/ 
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Before  each  experiment  the  solution  was  deaerated  by  bubbling 
purified  nitrogen  through  the  cell.  All  experiments  were  carried  out 
at  room  temperature,  which  was  23.0(±0.5)°C.  All  potentials  in  this 
paper  are  given  with  respect  to  the  Ag/Ag+  (0.01  M)  reference 
electrode,  unless  otherwise  stated. 

Chemicals . 

Reagent  grade  lithium  and  sodium  perchlorates  were  recrystallized 
twice  from  triply  distilled  water.  Tetra-n-butylammonium  fluoroborate 
( TBAF )  was  prepared  according  to  the  method  of  Lund  and  Iverson  [28] 
and  recrystallized  from  methylene  chloride  and  ice-cooled  anhydrous 
ether  and  then  from  methylene  chloride  and  distilled  water. 
Tetraethylammonium  perchlorate  (TEAP)  (Eastman,  reagent  grade)  was 
recrystallized  twice  from  triply  distilled  water.  Reagent  grade  TCNE 
(Eastman)  was  recrystallized  twice  fro*  chlorobenzene.  Reagent  grade 
TCNQ  (Eastman)  was  recrystallized  twice  from  acetonitrile  [29].  The 
dried  crystals  of  TCNE  melted  at  200-201°C  and  those  of  TCNQ  melted  at 
294 -295°C ,  in  agreement  with  literature  values  [4].  Acetonitrile 
(Caledon  HPLC  grade,  water  content  nominally  0.005\)  was  dried  over 
Woelm  neutral  alumina  (Supergrade  I)  before  use. 
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RESULTS 

Reduction  of  TCNQ 

Cyclic  voltaaaograas  were  run  for  acetonitrile  solutions  of  TCNQ 
(1  »M )  at  platinua  and  glassy  carbon  electrodes,  using  TBAF,  TEAP, 
NaC104  and  LICIO4  as  supporting  electrolytes.  The  sweep  rate,  y,  was 
varied  between  25  aV  s-*  and  500  aV  s~*.  Figure  1  shows  representative 
cyclic  voltaaaograas  run  at  the  carbon  electrode.  The  voltaaaograas 
run  at  platinua  were  siailar.  Peak  potentials.  Epc  and  Epa,  and  peak 
separations.  AEp,  for  the  first  and  second  reduction  waves  are  given  in 
Table  1. 

At  these  sweep  rates  the  first  reduction  wave  of  all  seven  systeas 
showed  siaple  reversible  behavior  according  to  the  usual  criteria:  the 
cathodic  and  anodic  peak  potentials  were  independent  of  sweep  rate  and 
were  separated  by  60  to  70  aV.  which  is  close  to  the  theoretical  value 
of  59  aV  for  a  reversible  one-electron  reduction:  the  ratio  of  the 
anodic  to  cathodic  peak  currents.  ipa/ipc,  was  close  to  1.0  for  all 
systeas;  the  ratio  ipc / was  approximately  independent  of  sweep  rate 
v.  The  cathodic  and  anodic  peak  potentials  were  independent  of 
electrode  material  and  electrolyte,  and  the  half-wave  potential,  E|/2- 
was  about  -0.11  V.  From  the  Randles-Sevcik  equation  for  a  reversible 
process 

ipc  =■  2.69  x  105  n3/2  A  C0  D^/2  v *  (4) 

the  diffusion  coefficient,  D0 ,  of  TCNQ  was  measured  at 
1 . 6 ( ±0 . 2 )  x  10-5  cm2  s_1.  This  value  was  independent  of  the  supporting 


iIWi'.aV. 


electrolyte  and  agrees  quite  well  with  the  value  of  1.42  x  10-5  cm2  s'1 
Measured  by  Sharp  [6J. 

When  considering  the  second  reduction  wave  of  TCNQ  we  assume  that 
the  homogeneous  reproportionation  reaction  (3)  can  be  ignored  and  that 
therefore  the  half-wave  potentials  aeasured  from  the  second  wave  are 
those  for  the  TCNQT/TCNQ2-  couple.  This  is  rigorously  true  only  if  the 
diffusion  coefficients  of  TCNQ,  TCNQT,  and  TCNQ2"  are  equal  and  if  the 
second  wave  is  reversible:  under  these  circumstances  reaction  (3)  has 
no  effect  on  the  current  [30]  but  if  the  second  electron  transfer  is 
slow  then  the  effect  of  reaction  (3)  is  to  reduce  the  current  [31]. 
For  the  systems  discussed  here,  however,  with  slow  sweep  rates  and  well 
separated  voltaaaetric  waves,  it  i9  likely  that  at  potentials  in  the 
second  wave  the  amount  of  neutral  TCNQ  or  TCNE  close  to  the  electrode 
has  decreased  to  a  very  small  value,  in  which  case,  irrespective  of 
equality  of  diffusion  coefficients  or  the  rate  of  heterogeneous 
electron  transfer,  reaction  (3)  does  not  take  place  sufficiently  close 
to  the  electrode  to  affect  the  current. 

The  second  reduction  wave  also  fulfilled  the  above  criteria  tor 
reversibility.  For  example,  the  cathodic  and  anodic  peak  potentials 
were  independent  of  sweep  rate  and  electrode  material  and  were  60  to  70 
mV  apart.  From  equation  (4),  ignoring  reproportionation,  the  diffusion 
coefficient  of  TCNQT  was  measured  as  1.4(±0.2)  x  10"5  cm2  s_1,  a  value 
slightly  lower  than  that  of  TCNQ. 

An  important  difference  between  the  first  and  second  waves, 
however,  was  that  the  peak  potentials  of  the  second  wave  were  dependent 
upon  the  supporting  electrolyte.  The  half-wave  potentials  of  the 
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second  eiectron-transfer  were  -0.66  V  with  TBAF  (0.1  M)  and  TEAP 
(0.1  M)  as  supporting  electrolytes.  -0.63  V  with  NaC104  (0.1  M),  and 
-0.52  V  with  L1C104  (0.1  M) .  We  attribute  this  to  ion-pairing  between 
the  dianion  foraed  in  the  second  wave  and  alkali  netai  cations.  Such  an 
interaction  would  lower  the  free  energy  of  the  electron-transfer 
reaction  by  stabiiizing  the  product  of  the  reaction,  and  the  reduction 
would  take  then  place  at  less  negative  potentials.  The  positive  shift 
in  half-wave  potential  should  increase  with  the  strength  of  ion-pairing 
and  with  the  concentration  of  ion-pairing  cations  [11-15],  Indeed  TCNQ 
solutions  with  Mixtures  of  TBAF  and  MCIO4  as  electrolyte  showed  this 
behaviour;  there  were  two  reversible  waves  as  before,  and  the  aore 
negative  one  shifted  positive  as  the  metal  cation  concentration  was 
increased. 

Reduction  of  TCNE 

Cyclic  voltammograms  of  1.00  mM  solutions  of  TCNE  with  TEAP,  TBAF. 
LiC104 ,  and  NaC104  as  supporting  electrolytes  were  run  at  sweep  rates 
ranging  from  25  mV  s-1  to  600  mV  s-1  at  the  platinum  and  glassy  carbon 
electrodes.  Figure  2  shows  representative  cyclic  voltammograms  run  at 


the  carbon  electrode.  Peak  potentials  and  peak  separations  for  both 
reduction  waves  are  given  in  Table  2.  For  all  eight  systems  the  first 
reduction  wave  showed  reversible  behavior  and  the  half-wave  potential 
was  about  -0.07  V.  The  diffusion  coefficient  of  TCNE  was  calculated 
from  equation  (4)  to  be  1.9(±0.2)  x  10"5  cm2  s'1.  This  value,  which 
was  independent  of  electrolyte,  agrees  well  with  the  literature  value 
of  1.91  x  10"5  cm2  s'1  [4]. 


Pro*  Pigu  »  2  and  Table  2  it  is  apparent  that,  unlike  the  second 
reduction  wa  e  of  TCNQ,  the  second  reduction  wave  of  TCNE  is  not 
reversible  for  all  supporting  electrolytes  and  the  peak  potentials  are 
not  independent  of  electrode  material.  The  four  supporting 
electrolytes  fall  into  two  groups;  NaClC>4  and  LiC104  give  nearly 
reversible  behavior  which  is  independent  of  the  electrode  material, 
while  TBAF  and  TEAP  give  irreversible  behavior  and  the  irreversibility 
is  greater  at  a  platinum  electrode  than  at  a  carbon  electrode.  In 
addition,  the  peak  potentials  become  less  negative  as  the  radius  of  the 
cation  of  the  supporting  electrolyte  decreases,  indicating  that  contact 
ion-pairs  are  formed  between  TCNE2-  and  the  electrolyte  cation,  just  as 
for  TCNQ2-  (Once  again  we  assume  that  the  reproportionation  reaction 
can  be  ignored,  either  because  the  diffusion  coefficients  of  TCNE. 
TCNE r ,  and  TCNE2-  are  equal  and  the  second  wave  is  reversible,  or 
because  there  is  no  neutral  TCNE  close  to  the  electrode  at  potentials 
in  the  second  wave  and  the  only  process  taking  place  is  reduction  of 
TCNET  to  TCNE2-.  The  validity  of  this  assumption  was  checked  by 
interrupting  the  sweep  for  60s  at  a  potential  between  the  two  waves, 
and  it  was  found  that  this  did  not  affect  the  peak  potentials  of  the 
second  wave). 

In  the  presence  of  NaC104  and  LiC104  the  peak  potentials  of  the 
second  reduction  wave  were  independent  of  electrode  material.  The  peak 
separations  were  not  far  from  the  59  mV  expected  for  a  reversible 
one-electron  process  and  not  very  dependent  on  sweep  rate.  At  the 
platinum  electrode  ipa/ipc  values  for  the  second  wave  were  close  to  1.0 
with  NaC104  and  L1CIO4  as  electrolytes.  At  the  carbon  electrode 
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ipa/ipC  was  1.0  when  NaC104  was  the  electrolyte,  but  varied  with  sweep 
rate  (fro*  1.29  at  50  aV  s-1  to  1.52  at  300  mV  s-1)  when  LiCl04  was  the 
electrolyte.  The  ratio  ipC/v*  was  approximately  constant  at  different 
sweep  rates  and  10-15%  smaller  than  for  the  first  wave. 

In  the  presence  of  TBAF  and  TEAP  the  separation  between  the  anodic 
and  cathodic  peaks  of  the  second  wave  was  such  larger  than  59  mV  and 
increased  with  increasing  sweep  rate,  indicative  of  an  irreversible 
process.  Furtheraore,  the  electron  transfer  was  aore  irreversible  in 
the  presence  of  TBAF  than  in  the  presence  of  TEAP  and  aore  irreversible 
at  the  platinua  electrode  than  at  the  carbon  electrode.  The  ratio 
ipc/i'*4  was  roughly  constant  and  again  10-15%  lower  than  the  value  for 
the  first  wave.  Tn  the  presence  of  TBAF  and  TEAP  the  electrode 
kinetics  of  the  second  wave  are  slow  enough  to  allow  the  standard 
heterogeneous  rate  constant,  kg,  to  be  determined  for  the  reduction  of 
TCNET  For  the  systems  TBAF/C,  TEAP/C,  and  TEA/Pt .  ks  was  calculated 
from  the  variation  of  peak  separation,  AEp,  with  sweep  rate,  v,  using 
the  method  of  Nicholson  [ 32 ]  for  a  quasi-reverslble  electron  transfer 
reaction.  The  resulting  kg  values  are  shown  in  Table  3.  (These  values 
did  not  vary  significantly  with  sweep  rate).  The  second  wave  of  the 
TBAF / Pt  system  was  assumed  to  be  completely  irreversible  and  the 
relationship  between  cathodic  half-peak  potential  and  sweep  rate  for  an 
irreversible  electron-transfer  reaction  (equation  (5))  was  used  [33]. 

Ep/2  *  E°  *  ( RT/anF )  (ln(ks/Do  )  <■  %ln(RT/anF)  +1.077  -*ln  v )  (5) 

(The  half-peak  potential,  Ep/2.  was  measured  instead  of  Ep  because  the 


wave  was  rather  broad).  Ep/2  was  plotted  against  In  v.  The  slope  gave 
the  cathodic  charge-transfer  coefficien  »  0.35.  The  intercept  gave 
kg  »  7  x  10"®  cm  s-1,  assuming  that  E°,  the  standard  potential  of  the 
irreversible  TCNET/TCNE2'  couple  in  TBAF/acetonitrile.  was  equal  to  the 
half-wave  potential  of  the  q ua s i - re ve r s 1 b  1  e  couple  in 
TEAP/acetonitr ile ,  which  was  -1.05  V.  (This  assumes  negligible 
ion-pairing  between  TEA*  and  TONE2-,  which  seems  reasonable  in  view  of 
the  lack  of  ion-pairing  between  TEA*  and  TCNQ2"). 

Reduction  of  TCNE  in  the  presence  of  mixed  electrolytes  gave  more 
complicated  behavior  then  did  reduction  of  TCNQ  (Figure  3).  As  can  be 
seen  from  this  figure,  the  reduction  of  TCNE  was  not  affected  by 
mixtures  of  different  supporting  electrolytes  and  different  electrode 
materials;  the  criteria  for  electrochemical  reversibility  were  still 
obeyed  by  the  first  wave.  Reduction  of  TCNET  in  mixed  electrolytes, 
however,  showed  sharp  symmetric  waves  at  both  electrodes  suggestive  of 
adsorption  or  phase  deposition  processes.  For  example,  with  0.095  M 
TBAF  and  0.005  M  LiC104  at  a  platinum  electrode,  the  reverse  wave  at 
-0.8  V  appeared  to  be  an  adsorption  peak.  For  0.05  M  TEAP  and  0.05  M 
LiC104  at  platinum,  the  reverse  wave  also  appeared  to  be  an  adsorption 
peak,  but  was  shifted  positive  to  -0.2  V.  In  the  case  of  0.05  M  TBAF 
and  0.05  M  L1C104  at  carbon,  a  prepeak  was  observed  on  the  forward 
sweep  and  the  reverse  wave  was  again  quite  sharp.  Such  adsorption  or 
deposition  did  not  appear  to  occur  in  the  reductions  of  TCNQ  and  TCNQ'. 


DISCUSSION 


The  half-wave  potentials,  taken  to  be  the  aean  of  the  cathodic  and 
anodic  peak  potentials,  for  the  reductions  of  TCNQ  and  TCNE  are 
sussarized  in  Table  3.  This  Table  also  shows  the  standard 
heterogeneous  rate  constants  for  the  reduction  of  TCNQT  and  TCNEr  at 
carbon  and  platinua,  and  the  rate  constants  at  platinum  after  a  Frumkin 
correction  [34]  for  the  potential  drop  $2  between  the  outer  Helmholz 
plane  (OHP)  and  the  solution.  The  charge  density  on  the  electrode, 
necessary  to  calculate  $2  •  was  found  for  LiClO^  and  NaClc>4  in 
acetonitrile  at  platinua  by  integrating  capacitance-potential  curves 
froa  reference  [35]  between  the  potential  of  zero  charge  (pzc)  and  the 
half-wave  potential.  (For  platinua  in  acetonitrile  the  pzc  is  -0.42  V 
vs.  Ag/ Ag* (0.01  M)  [35]  and  at  high  concentrations  (-  0.1  M)  the 
capacitance  is  constant  at  3  yP  cm-2  between  the  pzc  and  potentials 
used  here).  Frumkin  corrections  for  the  other  electrolytes  were 
assumed  to  be  the  same  as  for  L1C104  and  NaC104,  though  they  may  in 
fact  be  soaewhat  less. 

Half-wave  potentials 

The  half-wave  potentials  of  the  first  reduction  waves  of  both 
TCNQ  and  TCNE  are  independent  of  electrolyte,  indicating  that  alkali 
metal  cations  do  not  form  strong  ion  pairs  with  either  TCNQr  or 
TCNET  in  acetonitrile. 

The  half-wave  potentials  of  the  second  waves  show  that  both  TCNQ2- 
and  TCNE2-  are  stabilized  by  ion  pairing  with  alkali  metal  cations; 
when  the  large  organic  cations  of  the  supporting  electrolyte  are 
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replaced  by  Na*  or  Li*  there  is  a  positive  shift  in  Ej/2  as  oG°  for 
reaction  (2)  becoaes  aore  negative.  Both  dianions  are  stabilized  by 
Li*  aore  than  by  Na*;  this  indicates  that  contact  ion-pairs  rather  than 
solvent-separated  ion-pairs  are  foraed.  The  shifts  in  E1/2  due  to  ion 
pairing  are  larger  for  the  TCNET/TCNE2-  couple  than  for  the 
TCNQt/TCNQ2-  couple,  as  expected  froa  the  saaller  size  of  TONE2-. 

e1/2  f°r  reduction  of  TCNE  is  only  slightly  less  negative  than 
e1/2  for  reduction  of  TCNQ,  in  agreeaent  with  literature  data  [36]  but, 
for  a  given  electrolyte,  Ej/2  for  TCNET  reduction  is  considerably  aore 
negative  than  Ej/2  for  TCNQT  reduction.  Presuaably  repulsion  between 
the  two  extra  electrons  is  greater  in  TCNE2-  than  in  the  larger  pi- 
systea  of  TCNQ2-. 

Rate  Constants 

The  first  reduction  steps  were  reversible  in  all  electrolytes  and 
at  both  electrode  aaterials.  The  largest  peak  separation  at  100  aV  s-1 
sweep  rate  was  72  «V,  which  aeans  that  ks  for  the  first  electron 
transfer  was  greater  than  3  x  10-2  ca  s-1  in  ail  cases.  This  is 
consistent  with  Sharp's  data  for  platinua  (ks  »  0.260  ca  s-1  for  TCNQ 
reduction  and  ks  -  0.159  ca  s-1  for  TCNE  reduction  [5]),  but  not  with 
his  data  for  carbon  (ks  »  0.0035  ca  s-1  for  TCNQ  reduction  and 
ks  *  0.0021  ca  s-1  for  TCNE  reduction  [4]).  The  discrepancy  might 
arise  froa  the  different  types  of  carbon  used;  glassy  carbon  in  this 
work  and  wax- impregnated  graphite  in  reference  [4]. 

The  rate  constants  for  TCNQT  reduction  in  the  presence  of  TEAP  and 
TBAP  are  faster  than  the  corresponding  rate  constants  for  TCNET 


reduction  even  after  the  differences  in  potentials  are  taken  into 
account.  This  eight  be  due  to  a  high  inner  reorganization  energy  for 
formation  of  TCNE2-  if  the  dianion  is  not  planar  [6], 
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Increasing  cation  size  decreases  the  standard  rate  constant  for 
reduction  of  TCNEr.  This  has  also  been  observed  for  reductions  in 
several  other  aprotic  systems  110,19-26).  Several  explanations  for 
such  behaviour  are  possible.  One  possibility  is  blockage  of  the 
electrode  surface,  for  example  by  specific  adsorption  of 
tetraalkylammonium  cations,  or  by  strong  adsorption  of  TCNEr  or  TCNE2- 
in  the  presence  of  TBAF  and  TEAP,  or  by  deposition  of 
tetraalkylammonium  salts  of  TCNE2-.  This  seems  unlikely,  however, 
because  voltammograms  of  mixtures  of  TCNE  and  anthracene  in  the 
presence  of  TBAF  show  reversible  reduction  of  anthracene  at  potentials 
more  negative  than  the  irreversible  second  wave  of  TCNE,  and  likewise 
voltammograms  of  mixtures  of  TCNE  and  TCNQ  in  the  presence  of  TBAF 
showed  reversible  reduction  of  TCNQT  at  potentials  between  the  two 
waves  of  TCNE.  Furthermore,  with  pure  TEAP  or  TBAF  as  electrolytes  no 
direct  evidence  for  adsorption  of  the  anion  or  dianion  (such  as 
prepeaks  on  the  forward  sweep,  sharp  peaks  on  the  reverse  sweep  [37]) 
was  observable  (Figure  2). 

It  is  probable,  then,  that  the  reduction  processes  observed  here 
are  all  simple  outer  sphere  electron  transfers.  Ion-pairing  with  the 
electrolyte  cation  might  play  a  role  in  keeping  the  TCNE  dianion 
planar,  thereby  reducing  the  reorganization  energy  for  its  formation, 
but  it  is  difficult  to  envisage  exactly  how  this  could  occur.  It  is 
more  likely,  as  proposed  for  similar  systems  [10,19.23-25],  that  the 


cation  effect  arises  fro*  a  variation  in  the  position  of  the  outer 


Helmholz  plane  (OHP)  with  cation  size,  which  can  affect  the  rate  of  an 
outer  sphere  electron  transfer  reaction  in  a  number  of  ways. 

Effect  of  OHP  Position 

The  outer  Helaholz  plane  is  the  plane  of  closest  approach  of 
electrolyte  ions  to  the  electrode  surface.  According  to  the  simple  GCS 
model  [34  j ,  there  is  a  linear  potential  drop  across  the  inner  layer 
between  the  metal  and  OHP,  if  there  is  no  specific  adsorption,  and  a 
roughly  exponential  potential  drop  across  the  diffuse  part  of  the 
double  layer  between  the  OHP  and  the  bulk  solution.  At  potentials  well 
negative  of  the  pzc  nearly  all  of  the  ions  at  the  OHP  will  be  cations, 
and  therefore  the  electrode-OHP  distance  will  increase  with  size  of  the 
cation.  It  is  usually  assumed  that  electron  transfer  takes  place  with 
the  reactant  at  the  OHP.  (The  Frumkin  correction  depends  upon  this 
assumption) . 

Russel  and  Jaenicke  (10, 1 9 J  have  attributed  the  effect  of 
increasing  cation  size  to  decrease  in  electros'  cic  interaction  between 
the  reacting  species  and  its  image  charge  in  the  electrode,  which  would 
increase  the  outer  sphere  reorganization  energy  for  electron  transfer. 
Others  have  suggested,  however,  that  image  forces  are  negligible 
because  of  screening  by  electrolyte  between  the  reactant  and  electrode 
[38,39],  and  there  is  some  experimental  evidence  for  this  [40,41]. 

Fawcett  [23,25]  and  Corrigan  and  Evans  [24],  have  pointed  out  that 
the  reaction  site  need  not  be  at  the  OHP,  but  might  be  anywhere  in  the 
inner  layer  or  diffuse  layer.  Assuming  the  potential  of  the  metal  and 


of  the  OHP  to  be  fixed,  at  potentials  negative  of  the  pzc  the  potential 
0r  at  this  reaction  site  must  become  more  negative,  and  hence  the  rate 
of  reduction  lower,  with  increasing  metal-OHP  distance. 

Another  possibility  is  nonadiabaticity .  Any  electron  transfer 
must  become  non-adiabatic  when  the  electrode-reactant  separation  is 
large  enough,  and  for  non-adiabatic  homogeneous  electron  transfers 
there  is  considerable  evidence  that  the  rate  of  electron  transfer 
decreases  exponentially  with  increasing  separation  of  the  reactants 
[42-44].  In  fact  it  appears  that  most  homogeneous  electron  transfer 
reactions  between  transition  metal  complexes  are  either  marginally  or 
completely  nonadiabatic  [42-44].  If  this  is  also  true  for  reactions  at 
electrodes,  as  suggested  by  Hupp  and  Weaver  [45-47],  then  approximately 

ks  =  ks0exp[-v(r~r0) )  (6) 

where  r  is  the  electrode-reactant  separation,  tq  is  the  value  of  r  at 
the  plane  of  closest  approach  of  the  reactant,  and  kso  is  the  value  of 
ks  at  this  point.  The  coefficient  7  has  been  estimated  to  lie  in  the 
range  1-2  A-1  [42-44]. 

Clearly  if  a  nonadiabatic  electron  transfer  takes  place  at  the  OHP 
the  probability  of  electron  transfer  should  decrease  with  increasing 
distance  between  the  metal  and  the  OHP.  Differences  in  electron 
transfer  rates  between  Cr(III)  complexes  have  been  explained  in  a 
similar  manner  by  one  complex  being  able  to  approach  more  closely  than 
another  to  the  electrode  surface  [47].  In  practice,  the  reaction  site 
(or  range  of  sites)  is  expected  to  be  the  result  of  a  compromise 


between  the  effects  of  potential  distribution  in  the  double  layer  and 
slower  electron  transfer  rates  as  the  separation  between  the  electrode 
and  the  reaction  site  increases;  a  high  value  of  7  would  force  most  of 
the  electron  transfers  to  take  place  very  close  to  the  electrode  where 
4r  is  aore  negative,  also  leading  to  low  rate  constants. 

Rate  constants  for  the  reduction  of  TCNET  in  the  presence  of 
L1C104  and  NaClC>4  were  faster  than  those  in  the  presence  of  TBAF  or 
TEAP.  Presumably  this  means  that  the  OHP  is  very  close  to  the 
electrode  in  the  alkali  perchlorate  electrolytes,  as  one  would  expect 
from  the  small  crystal  radii  of  the  cations,  and  this  must  outweigh  the 
decrease  in  electron  transfer  rate  usually  observed  when  strong  ion 
pairing  with  cations  takes  place  [10,19,26]. 

Effect  of  Electrode  Material 

The  rate  constants  for  TCNET  reduction  are  higher  at  carbon  than 
at  platinum  (Table  3).  This  is  unlikely  to  be  due  simply  to  less 
negative  values  of  $3  at  the  carbon  electrode  since  those  at  platinum 
are  already  very  small.  The  cause  is  probably  different  solvent 
adsorption  on  the  two  materials.  Electron  transfers  in  acetonitrile 
have  been  found  to  be  faster  at  mercury  than  at  platinum,  and  blockage 
of  the  platinum  surface  by  adsorbed  acetonitrile  was  suggested  as  one 
possibility  [24].  There  is  strong  evidence,  both  from  capacitance 
measurements  [35]  and  from  in-situ  infrared  spectra  [48],  that  a 
platinum  surface  in  acetonitrile  is  covered  with  a  layer  of  chemisorbed 
acetonitrile  molecules,  while  this  does  not  appear  to  be  the  case  for 
mercury  electrodes  [49,50].  If  acetonitrile  is  not  strongly  adsorbed 


on  carbon,  as  seems  likely,  the  same  argument  might  apply  here.  It  is 
probable,  however,  that  the  OHP  at  carbon  is  closer  to  the  electrode 


ft 


surface  than  is  the  OHP  at  platinum,  because  the  electrolyte  ions  are 
prevented  from  reaching  the  platinum  surface  by  the  chemisorbed  layer. 
Then  any  of  the  above  arguments  for  slower  electron  transfer  with 
increasing  electrode-OHP  distance  would  apply  here  also. 


CONCLUSIONS 

(1)  TCNE2-  and  TCNQ2-  for*  strongly  bound  contact  ion  pairs  with 
alkali  metal  cations  in  acetonitrile,  while  TCNET  and  TCNQr  do  not. 
Ion  pairing  is  stonger  for  Li+  than  for  Na+  and  stronger  for  TCNE2- 
than  for  TCNQ2-. 

(2)  The  standard  heterogeneous  rate  constant  for  reduction  of  TCNEr 
decreases  as  the  size  of  the  electrolyte  cation  increases,  and  is 
larger  at  carbon  than  at  platinu*.  Both  of  these  effects  are  probably 
due  to  a  dependence  of  electron  transfer  rate  on  the  *etal-OHP 
separation,  which  nay  be  at  least  partly  the  result  of  nonadiabatic 
electron  transfer.  The  reductions  of  TCNQ,  TCNQT ,  and  TCNE  are 
reversible  up  to  500  *V  s-1,  which  argues  for  a  high  inner 
reorganization  energy  in  the  reduction  of  TCNET .  These  conclusions  are 
rather  tentative  in  view  of  the  relative  lack  of  information  about  the 
double  layer  at  these  electrodes  in  acetonitrile.  More  information 
will  be  obtained  by  measurement  of  all  the  rate  constants  for  these 


systems . 
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Figure  1 


Figure  2 


Figure  3 


Cyclic  voltamaograms  for  reduction  of  TCNQ  (1.00  mM  in 
acetonitrile,  0.1  M  supporting  electrolyte)  at  glassy 
carbon  with  different  supporting  electrolytes. 

Sweep  rate  100  mV  s-*. 

Cyclic  voltamaograms  for  reduction  of  TCNE  (1.00  mM  in 
acetonitrile,  0.1  M  supporting  electrolyte)  at  glassy  carbon 
with  different  supporting  electrolytes. 

Sweep  rate  100  mV  s-1. 

Cyclic  voltammograms  for  reduction  of  TCNE  (1.00  mM  in 
acetonitrile)  with  mixtures  of  supporting  electrolytes. 

(1)  Pt  electrode,  0.095  M  TBAF  +  0.005  M  LiCl04 
(ii)  Pt  electrode.  0.05  M  TEAP  +  0.05  M  L1C104 
(iii)  C  electrode,  0.05  M  TBAF  ♦  0.05  M  LiC104 
All  at  100  mV  s'1 . 
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Table  1: 


Peak  potentials  and  peak  separations  for  the  first  and  second 
reduction  waves  of  TCNQ  (1.00  mM)  at  100  mV  s'1. 


First  Wave  Second  Wave 


Electrode 

Electrolyte 

"Epc 

(V) 

Epa 

(V) 

AEp 

(mV) 

Epc 

(V) 

“Epa 

(V) 

AEp 

(mV) 

Carbon 

TBAF 

0. 140 

0.072 

68 

0.691 

0.627 

64 

NaC104 

0.146 

0.080 

66 

0.659 

0.597 

62 

LiC104 

0.146 

0.082 

64 

0.551 

0.490 

61 

Plai  i  twin 

IB  U 

0.  MO 

0.077 

63 

0.695 

0.628 

70 

TEAP 

0.144 

0.079 

65 

0.695 

0.629 

66 

NaC104 

0.145 

0.072 

67 

0.660 

0.592 

68 

LiC104 

0.140 

0.078 

68 

0.558 

0.498 

60 
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Table  2:  Peak  potentials  and  peak  separations  for  the  first  and  second 
reduction  waves  of  TCNE  (1.00  mM)  at  100  mV  s-*. 


First  Wave  Second  Wave 


Electrode 

Electrolyte 

_Epc 

(V) 

"Epa 

(V) 

AEp 

(■V) 

O— ‘ 
Qu> 

U3  — 

1 

Epa 

(V) 

AEP 

(mV) 

Carbon 

TBAF 

0.091 

0.020 

71 

1.290 

0.890 

400 

TEAP 

0.102 

0.040 

59 

1.092 

0.988 

94 

NaC104 

0 . 102 

0.041 

61 

0.981 

0.909 

72 

LiC104 

0.114 

0.052 

62 

0.840 

0.753 

87 

Platinum 

TBAF 

0.110 

0.038 

72 

1.625 

1.100 

525 

TEAP 

0.105 

0.042 

63 

1.264 

0.967 

297 

NaC104 

0.110 

0.042 

68 

0.980 

0.907 

73 

LiC104 

0.108 

0.045 

63 

0.833 

0.756 

77 

Table  3:  Thermodynamic  and  kinetic  data  for  reduction  of  TCNQ  and  TCNE: 

half-wave  potentials  for  first  reduction  waves  and  second 
reduction  waves,  and  standard  heterogeneous  rate  constants  for 
second  reduction  wave  at  carbon  (k§),  platinum  (kg1),  and 
platinum  after  correction  for  double  layer  effects  (kg~cor). 


Substrate 

Cation 

.EU) 

> 

k§ 

kl1 

kPt 

Ks . cor 

(V) 

IV) 

(cm  s-1) 

(cm  s-1) 

(cm  s_1) 

TCNQ 

TBA* 

-0.11 

-0.66 

reversible3 

reversible 

>0.08 

TEA* 

-0.11 

-0.66 

reversible 

reversible 

>0.08 

Na* 

-0.11 

-0.63 

reversible 

reversible 

>0.06 

Li* 

-0.11 

-0.52 

reversible 

reversible 

>0.05 

TCNE 

TBA* 

1 

o 

O 

-3 

-1  -  05b 

1.1  x  10"3 

0.7  x  10*5 

6  x  10*5 

TEA+ 

-0.07 

-1.05 

1.0  x  10~2 

1.5  x  10*3 

0.01 

Na+ 

-0.07 

-0.94 

reversible 

reversible 

>0.18 

Li  + 

-0.07 

-0.79 

reversible 

reversible 

>0.10 

a.  ks  >  3  x  10“2  c«  s'1  for  reversible  systems 

b.  assumed  equal  to  E1/2  for  TCNE/TEAP  system 
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